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A crucial function for independent living is recognizing people around us. Facial features such as the eyes 1 are the primary visual cues most humans use in discriminating people they know from those they do not know. Reduced sensitivity in the central visual field (defined here as the central 208 of vision) presents a set of challenges for patients to manage as part of their daily lives. For observers with central visual field loss, face perception can be greatly impaired, and individuals who present for vision rehabilitation regularly report difficulty with face perception. 2, 3 Because photoreceptor and ganglion cell density, 4, 5 as well as contrast sensitivity, [6] [7] [8] [9] [10] decrease as retinal eccentricity increases, it is no surprise that patients with sensitivity losses in the central visual field have difficulty perceiving faces (see Kwon and Legge 11 for a quantification of the human contrast sensitivity function contribution to face recognition in the fovea and periphery).
Numerous studies have found impaired face recognition [12] [13] [14] [15] [16] [17] [18] and emotional expression perception 19, 20 in individuals with central visual field loss. For example, Bullimore et al. 12 determined a threshold viewing distance to reach a criterion level on tasks of identity and expression recognition. Patients with central field loss performed worse (required a nearer viewing distance) than normally sighted controls and were generally better at recognizing the expression of a face than its identity. In addition, word reading acuity was better correlated with face recognition thresholds than letter chart acuity, grating acuity, and contrast threshold for edge detection. In a face recognition task similar to the one we use here, patients with AMD showed slower reaction times and poorer face recognition performance than age-matched controls. 13 Tejeria et al. 17 correlated measures of visual function (letter acuity, reading, Pelli-Robson contrast sensitivity, and color vision) and self-reported difficulty in face recognition with performance on a familiar face identification and an ''odd one out'' expression discrimination task in 30 subjects with AMD. Letter acuity and reading acuity were found to be correlated with performance on the face perception tasks, but there was little evidence for a relationship between self-reported difficulty in face perception and performance in either of the tasks. Using a ''celebrity''/''not a celebrity'' face recognition task, Peli et al. 16 found that certain types of digital image enhancement improved recognition performance in some (16 of 38) patients with central vision loss (see also Peli et al. 21 ). Patients with central field loss also demonstrated poorer performance on a famous face recognition task relative to controls in a study by Dulin et al. 22 It is worth noting, however, that in face recognition tasks relying on famous faces the contribution of cultural and general visual exposure cannot be separated from face identification performance per se.
Many of these studies have examined correlations between face recognition performance and standard metrics of functional vision such as acuity and contrast sensitivity and found modest to strong relationships depending on the type of stimulus used in assessment. However, the relationships between these quantities and the extent of central field loss are uncertain. To more precisely measure these relationships, we combine in the present study an objective measure of face recognition with clinical characterization of retinal deficiencies using fundus-oriented microperimetry. This face identification task has been used previously 23 and shows many classic effects from the face perception literature, including the inversion effect, 23 ,24 the contrast-reversed face effect, 25 the preferential use of horizontal orientation information, [26] [27] [28] and spatial frequency tuning of approximately 10 cycles per face. 23 In addition to letter acuity and contrast sensitivity, visual function was assessed with fundus-oriented microperimetry, which allows precise assessment of light sensitivity over a large (approximately 208 diameter) region of the retina. Perimetry also measures each patient's fixation stability and the locus of fixation, which may be foveal or nonfoveal.
Individuals with foveal vision loss may use nonfoveal areas of the retina for face perception. 29 The peripheral retina has reduced sensitivity to high spatial frequencies compared with the fovea. We varied the amount of blur present in our face stimuli by selectively removing high spatial frequency content from the images. Individuals with foveal vision loss should be relatively unaffected by stimulus blur if blur only affects the high spatial frequencies to which they are insensitive. We classified low vision participants into two groups on the basis of their sensitivity across the central visual field, as well as the stability of their fixation in microperimetry. One group had impaired foveal vision and/or poor fixation stability (LV group), whereas the other group had visual impairments that excluded the fovea (LV:F group). We hypothesized that the group with intact foveal function would show a consistent reduction in face recognition as a function of blur, whereas the impaired fovea group would show poor performance for even relatively blur-free stimuli consistent with the use of peripheral vision.
METHODS Participants
Patients with various pathologies affecting central visual field sensitivity were recruited from the Vision Rehabilitation Clinic at the Massachusetts Eye and Ear Infirmary. Twenty-one patients with low vision were initially enrolled in the study. Eight of these patients chose to withdraw after completing less than one full block of trials, in all cases citing frustration with task difficulty. This introduced a self-selection bias that may have led us to overestimate the performance of patients with low vision in our study. One additional patient was excluded from analyses because we did not have accompanying microperimetry data for that patient. These exclusions left a final group of 12 patients aged 26 to 70 years (mean age, 48.8 years). Three of the final group of patients completed less than the full three blocks because of time constraints (but completed at least one block). These were P07 (one block), P08 (two blocks), and P09 (one block). All patients were tested after initial consultation at the clinic with an ophthalmologist (MLJ), but before any vision rehabilitation training with an occupational therapist.
Twelve controls with normal retinal function were recruited, including two of the authors (C01 and C09). These subjects ranged in age from 20 to 68 years (mean age, 40.8 years). Demographic information for all subjects is summarized in Table 1 . All subjects provided informed consent; the procedures of the experiment were approved by the Institutional Review Board of the Massachusetts Eye and Ear Infirmary, and the experiment was conducted in accord with the Declaration of Helsinki.
All participants were divided into one of three groups for data analysis. Control subjects (CS group) were those with no known visual pathology. Patients with low vision were divided into the following two subgroups based on clinical evaluations and perimetry: those with at least partially functional foveal vision (LV:F group) and those without (LV group) (Fig. 1) . This classification was made for the eye with better acuity or for the eye with more stable fixation in microperimetry if acuity was equal in the two eyes. The testing area for microperimetry was determined by initial fixation, so it was not centered around the anatomical fovea for all patients. However, the testing array always included the anatomical fovea. The area of the anatomical fovea was defined as the region of the retina located two vertical optic disk diameters to the temporal side of the optic disk. 30 Three conditions had to be met for a patient to be classified in the LV:F group. First, the perimetry array had to be centered around the anatomical fovea. Second, the patient had to report seeing at least one of the four perimetry targets in the center of the array. Third, the patient had to show stable fixation (i.e., >95% of fixations fell within 28 of the anatomical fovea). Other patients with a low vision diagnosis failed to detect perimetry targets presented at the fovea and had unstable fixation (LV group). All patients were classified using these criteria by one of us (JW). The classification was independently assessed by familiarizing an occupational therapist of the Vision Rehabilitation Clinic (not an author) with the classification guidelines; this person made the same classifications as JW.
Apparatus and Stimuli
Face stimuli were presented on an iMac (late 2011 model; Apple, Inc., Cupertino, CA) with a 27-inch LCD monitor with a spatial resolution of 2560 3 1440 pixels and a temporal resolution of 60 Hz using MATLAB (MathWorks, Natick, MA) and Psychtoolbox-3 (provided in the public domain by www. psychtoolbox.org). 31, 32 The observers viewed the display under normal room illumination, and the mean luminance of the display was 250 cd/m 2 . To increase the contrast resolution of the display, a bit-stealing routine was used to increase the number of grey levels from 6 to 8.8 bits. 33 The stimuli were monochromatic photographs of faces presented at three levels of blur. Figure 2 shows examples of representative face stimuli. A detailed description of how the faces were photographed and processed is provided by Gaspar et al. 23 ; thus, only a brief description will be provided here. The face stimuli used in the experiment are available upon request from the authors. The face set contains photographs of 10 individuals (five female), all Caucasian, with a mean age of 24 years; none of the models had facial hair, visible piercings, tattoos, or eyeglasses. All the face images were cropped with an oval window using a ratio of width to height of 1.5 to remove all clothing and hair. Each model was photographed from five viewpoints. To produce each viewpoint image, the model was instructed to fixate on a marker positioned on the wall behind the camera. The face set used was made up of two left-facing, two right-facing, and one front-facing view of each model, for a total of 50 face images. To control for possible variations in detectability among the face images, 34 we equated the Fourier amplitude spectra of the images by computing the average amplitude spectrum of the set of face images and then replacing the amplitude spectrum of each image with the average amplitude spectrum. As noted in the introduction, this stimulus set has been previously shown to demonstrate classic effects from the face perception literature. This indicates that our stimuli tap mechanisms similar to those used in more complex stimulus sets, despite using only a relatively small (10 individuals) and relatively unnatural (lacking features such as hair and skin pigment) set of faces.
To measure the effect of blur on recognition performance of both patients and controls, we tested face recognition FIGURE 1. Classification of patients into groups based on microperimetry. (A) Schematic of classification. First, the location of the anatomical fovea (marked here by a red ''F '') was estimated by measuring two vertical optic disk diameters (red line) to the temporal side of the optic disk. If any of the targets around the anatomical fovea were detected and greater than 95% of fixations (blue crosses) were within 28 of the anatomical fovea in the eye with greater acuity, the patient was classified into the LV:F group. (B) Microperimetry output for a patient in the present study (P04) for the patient's right eye (OD), tested with a modified threshold strategy. The foveal area is obscured by a scotoma. The patient attempted to fixate in the foveal region. Fixation stability is poor (lower polar plot, blue crosses), and no targets presented to the anatomical fovea were detected (red circles). The ''Instruction'' column refers to those patients who received the pilot instruction manipulation. Visual acuity (VA) and Pelli-Robson contrast sensitivity (PR) were measured binocularly in controls and where marked in patients. Ellipsis, not applicable; logMAR, logarithm of the minimum angle of resolution; NA, not available.
performance at two levels of synthetic blur and a no-blur condition. Blurred images were produced by applying a lowpass ideal filter (high-frequency cutoff of 32 or 16 cycles per image, approximately 8 or 4 cycles per degree) to the Fourier amplitude spectrum of each image (Fig. 2) . A zero mean Gaussian pixel noise (root mean square contrast, r ¼ 0.005) was added to the test image on each trial to allow comparison with the ideal observer (see Supplementary Fig. S1 ).
Perimetry
Microperimetry testing was conducted with an optical coherence tomography/scanning laser ophthalmoscopy microperimeter (Optos plc, Dunfermline, Scotland). The extent of central field loss was assessed by having patients fixate a cross presented in the center of the display, while a Goldmann III test stimulus (0.438 disk) was presented for 200 milliseconds (ms) at each of 52 radially organized locations within a 218-diameter circle centered around the initial fixation location. Seven patients (P03, P04, P06, P07, P08, P11, and P12) were tested with a modified threshold strategy, and five patients (P01, P02, P05, P09, and P10) were tested with a suprathreshold strategy. The testing regimen was chosen depending on the clinical appropriateness for each patient, not as part of a research protocol. Suprathreshold testing entails the presentation of a target at an intensity that is anticipated to be seen (0-decibel [dB] attenuation), and the patient indicates when the target is detected by pressing a button. In modified stepwise threshold testing (using a 0-10-16 technique), a À10-dB point is presented on the first trial and then lowered to À16 dB if seen or to 0 dB if not seen. Testing positions that elicit no response suggest field loss. During testing, fixation is continuously monitored. Thus, a measure of fixation stability can be obtained (defined as fixations that remain within 28 and 48 of initial fixation). Unfortunately, we were unable to save raw fixation coordinates because of computer malfunction, meaning that the more sensitive fixation measure of the bivariate contour ellipse area (BCEA) (e.g., see Crossland et al. 35 ) could not be calculated. However, because we note credible correlations with our relatively blunt measure of fixation stability, the BCEA would likely only strengthen the relationships we observe.
All but one patient failed to report at least one microperimetry target entirely. The remaining patient (P06), tested in a modified threshold regimen, detected all targets but required increased brightness relative to unimpaired vision (relative deficits). All other patients who were tested with a modified threshold strategy showed relative deficits in addition to their failures to report targets at the highest brightness (e.g., P04 in Fig. 1) . Therefore, all patients can be considered to have had some central vision loss (Table 2) .
Procedure
Participants completed a single-interval 10-alternative forcedchoice face identification task. Observers freely viewed the display (binocular presentation, with no restriction on eye movements) from approximately 57 cm, and at this distance the test face images subtended 8.48 3 8.88 (width 3 height) of visual angle. On each trial, the observer saw a fixation point in the center of the screen presented for 200 ms, followed by a test face image presented in the center of the screen for 500 ms. The identity, viewpoint, and blur level of the test face was randomly selected at each trial. After the test image disappeared, 10 smaller images (6.18 3 6.48 of visual angle), one of each face, were presented in a grid of five columns by two rows on the screen. These faces were of the 10 individuals from the face set and were presented in random order at the same viewpoint as the test image but without blur. The observer used the arrow keys on the keyboard to move a response selection rectangle over the response faces and then P01  57  94  2  LV  P02  9  37  46  LV  P03  100  100  67  LV:F  P04  41  99  13  LV  P05  42  100  44  LV  P06  100  100  0  LV:F  P07  18  100  42  LV  P08  41  80  2  LV  P09  76  100  83  LV  P10  100  100  6  LV:F  P11  72  100  4  LV  P12  100  100  2  LV:F The fixation percentages denote the percentage of all fixations made within 28 or 48 of the center of the testing grid. Any subject who both showed good fixation stability and reported seeing any of the four perimetry targets presented around the anatomical fovea was classified as having a functional fovea (LV:F group). While P06 did not miss any perimetry targets at the highest intensity, extensive relative deficits were evident with lower-intensity targets.
pressed the space bar to enter the response. If the observer was unable to use the keyboard, he or she pointed at a face, and the experimenter keyed in the response. The 10 response selection faces remained on-screen until a response was entered. If the observer's response was correct, then a clearly audible high-pitched tone was played; if the observer's response was incorrect, a tone of lower pitch was played. Before the experimental trials, all observers completed five practice trials to introduce them to the task.
Each observer completed three blocks of 75 trials, except for one control (C02), who completed three blocks of 150 trials, and three patients (P07, P08, and P09), who completed only one, two, and one blocks, respectively. The three levels of blur were each tested 25 times per block in a random order for each subject.
Three of the patients with low vision (P02, P04, and P05) received an instruction manipulation designed to improve their guidance of eye movements to important regions of the faces. After completing the first block of trials, these subjects were instructed to ''focus on the eyes, nose, and mouth'' by the experimenter, who asked the subject to practice by looking at the experimenter's face. This manipulation was designed to ensure that patients were placing regions of functional retina over facial features important for identification as far as possible. However, a pilot analysis showed no evidence that the instruction improved performance beyond a simple learning effect. All of these patients reported that they were already able to place their gaze to perceive important facial features, making it unlikely that this instruction manipulation would have had any further effect. Therefore, we group together patients who received this instruction manipulation with patients who did not in further analyses.
Data Analysis
To analyze these data, we used a multilevel logistic generalized linear model (see Supplementary Materials Section 1.2 for details). Multilevel models are extensions of traditional regression models that treat regression parameters themselves as conditional on higher-order structure in the data. 36, 37 Our data have hierarchical structure in that some parameters (e.g., a given subject's performance level) can be considered to arise from distributions of mean performance within a group (e.g., ''control'' or ''low vision''), which themselves are conditional upon an overlying population distribution of mean performance level (the distribution for humans). Intuitively, this is similar to running three regressions: one on the data for each subject to find the parameter weights at the subject level, a second on the weights from the first regression to estimate the group parameters, and a third on the group estimates to find the population-level parameters. However, all of these parameters are estimated simultaneously rather than in a stepwise fashion as implied by this example.
A multilevel model like the one we use is a more general form of the more common multilevel generalized linear mixed model, which has been recently promoted within the psychophysics 38, 39 and clinical vision 40 literature because it allows the analysis of data on the population level. A mixed model is ''mixed'' because it contains both fixed effects (in which a parameter is not allowed to vary at some level of the model) and random effects (for which the uncertainty in the parameter estimates is considered throughout all levels of the model). One way to consider a fixed effect is that it is a special case of a random effect in which the variance parameter is set to be zero (i.e., there is no uncertainty around the point estimate of the parameter); see Gelman and Hill. 37(p245) In the framework we use, all parameters can be thought of as random effects. 37 This treatment has the desirable characteristics that uncertainty at all levels of the model is considered at all others (rather than reducing the model to a point estimate at some level) and that this uncertainty can be propagated into predictions. For our data set, this is particularly useful because not all subjects completed the same number of trials. Therefore, our approach takes the individual subject uncertainties into account when we make inferences at the group level.
We base statistical inferences on the full Bayesian posterior distribution of credible parameter values rather than on null hypothesis significance testing. Desirable properties of this approach are considered briefly in the Discussion section. Because the posterior distributions for the models we use are not derivable analytically, we numerically estimate proportional distributions using Markov Chain Monte Carlo (MCMC) sampling implemented in the Stan package (http://mc-stan. org/ [in the public domain]). 41, 42 Results were analyzed with the R statistical computing environment (R Foundation for Statistical Computing, Vienna, Austria) 43 using additional packages. [44] [45] [46] The estimate of the posterior distribution for the primary analysis is based on four independent chains of 100,000 samples using the No-U-Turn Sampler II (http:// mc-stan.org/ [in the public domain]) sampling method, 42 with half of those samples being warm-up (adapting the step size of the sampler) and saving every 100th sample to reduce both autocorrelation in the chains and data file size, resulting in 2000 final samples. Convergence was assessed by theR value (the ratio of between to within chain variance) (see Gelman and Rubin 47 ), as well as by inspection of traceplots. Code to perform these analyses and raw data can be found on the first author's GitHub page (http://github.com/tomwallis/ microperimetry_faces [in the public domain]).
We were primarily interested in how performance differed across the three groups as a function of the blur level. In addition, because there could have been a learning effect and not all participants completed the same number of blocks, we included a covariate for block. The trial by trial (correct or incorrect) data for each subject were modeled as a linear function of the log high-frequency cutoff (HFC) of the blur filter and the block as follows:
This yielded the following three free parameters for each subject: intercept a, blur slope b, and block slope (linear learning effect) c. Including age as an additional covariate did not substantively change our conclusions, and other covariates such as visual acuity cannot be included in this model because they were reported as corrected to normal for controls, in which case there is no variation in acuity among controls. To make the regression coefficients easier to interpret, we centered each input predictor by subtracting the mean (or two in the case of block); see Gelman and Hill. 37(p55) Therefore the intercept parameter represents performance when blur was at its mean in the second block. We additionally examined a model (data not shown) that contained an interaction term between block and blur slope. The interaction term was not credibly different from zero, so we excluded it for simplicity. The linear predictor g is then passed through the inverse logit function to give the expected value for a Bernoulli trial, with an additional lower bound of 0.1 (reflecting chance performance).
For the two conditions in which we imposed physical stimulus blur, the high-frequency cutoffs correspond to 32 cycles per image (less blurry) and 16 cycles per image (more blurry). However, no frequencies were filtered for the unblurred condition. To express the unblurred condition on the same scale, we assume the high-frequency cutoff to be the
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Nyquist limit of the stimulus, which given that our images were 372 pixels squared the highest frequency present in our stimuli was 186 cycles per image, approximately 46 cycles per degree. Each coefficient from each subject is hypothesized to arise from a distribution for that subject's group. A population hyperparameter is also placed over all groups, causing group differences to be pulled toward the population mean and making our inferences on group differences more conservative where parameter estimates are uncertain. The full specification of the model is provided in Supplementary Materials Section 1.2, along with a discussion of the tolerance of our conclusions to the prior distributions chosen. All groups are given the same mean (zero) and variance (broad) in their regression parameters a priori, so it is not the case that our use of priors trivially presumes the conclusion we report. Figure 3 shows recognition performance for each subject for each blur level and block, with the corresponding fits of the multilevel model at the subject level. Each MCMC sample after warm-up represents a plausible value of the posterior probability over the full parameter space. We computed a distribution of expected proportion correct for a continuum of blur values from the subject-level parameters a, b, and c for each of the post-warm-up samples of the MCMC chains after pooling the chains. The solid curves in Figure 3 show the mean of this distribution for each subject, and the shaded regions are the values containing 95% of the distribution's mass, the highest-density interval (HDI). Unlike a frequentist confidence interval, the 95% HDI of a posterior distribution allows us to FIGURE 3. Face recognition performance as a function of high-frequency cutoff (blur level) and block for each subject (note the logarithmic x-axis). A lower cutoff value corresponds to a more blurred stimulus. The subject code displayed in the top margin corresponds to Table 1 , and the side text shows the analysis group for that subject. Points show the average performance of the subject; error bars on points denote 95% beta distribution confidence intervals. Solid lines represent the predictions of the Bayesian multilevel model at the subject level, and shaded regions represent 95% credible intervals for these predictions.
RESULTS

Recognition Performance
say that given the model and the data there is a 95% chance that the true parameter value lies in this interval. These are 95% credible intervals (as distinct from confidence intervals 48 ). As expected, performance increased as a function of the logarithm of high-frequency cutoff (i.e., decreased as a function of blur level) for most subjects. The model provides reasonable fits to the data at the individual subject level.
Each subject's three free parameters are conditional on the parameters of their group, which are themselves conditional on the population-level parameters. Therefore, the data from one subject inform the fits to the data of another subject, more so for subjects in the same group. Statistical inferences at the group level can be made by comparing the group-level parameter distributions. Of principal interest here is the group-level distribution for performance as a function of blur.
Predictions at the group level are shown in Figure 4 and were derived from the MCMC samples as in the subject-level data. It can be seen that the controls (CS group) had higher performance than the patients with low vision (LV group) using diseased retina or with unstable fixation. In addition, those patients with low vision with remaining foveal sensitivity (LV:F group) are similar to controls in their performance.
The group differences shown in Figure 4 can be formally compared by calculating the difference score between parameter estimates in each MCMC sample to create a distribution of difference scores. That is, we calculate the value of the linear predictor for each MCMC sample (see Equation 1) at each block and blur level; we then apply the inverse logit to convert these values into predicted probability correct and then take a difference score between the groups for each sample. We then base our inferences about whether two groups have credibly different performance on the distribution of difference scores between those groups by asking whether zero (i.e., no difference) is within the range of credible values. 48 Note that no correction is necessary for making multiple comparisons because all possible comparisons are encapsulated by the full posterior distribution, 49 which remains unchanged whether we compare two parameters or many. The posterior distributions for the group-level parameters are provided in Supplementary Figure S2 .
At all blur levels tested, and as early as the first 25 trials, the performance of the CS group was credibly higher than that of the LV group (Fig. 5) . In addition, the LV group was credibly lower than the LV:F group. No credible differences were evident between the CS and LV:F groups. Note that in this model, the values for parameters a, b, and c are estimated from all the data. While strictly this means that the parameters are not independent of block, this is not important for our statement that group differences emerge as early as block one. The same group differences are evident after fitting a two parameter (a and b) model to only the data from block one.
We can also examine both the absolute slope parameters for blur and block and differences between groups for these slope parameters. Slopes credibly greater than zero signify a linear relationship between (the logit of) performance and the variable of interest (log high-frequency cutoff for b and block for c [see Equation 1] ). The specific value of the slope parameter depends on the scaling of the predictor because the slope multiplies the value of the input predictor. If the value of the parameter is zero, this indicates no linear relationship (i.e., the logit of performance does not change linearly as a function of the predictor).
For the slope as a function of the log high-frequency cutoff (parameter b), performance for the CS and LV:F groups increased as high-frequency cutoff increased (mean values, 1.66 [95% HDI, 1.26-2.03] for the CS group and 1.34 [95% HDI, 0.26-2.46] for the LV:F group). That is, performance got worse as the amount of blur increased. However, the slope for the LV group was not credibly different from zero (mean, 0.83 [95% HDI, À0.34 to 1.89]). This indicates that the performance of the LV group was not credibly affected by changes in blur, whereas the other groups showed effects of blur such that performance improved as blur decreased (i.e., as high-frequency cutoff increased). However, these comparisons should be treated with caution because there were also no credible differences between the group slopes (see Supplementary Materials Section 1.3), indicating that there is large uncertainty for these comparisons. While all groups showed a credible learning effect (parameter c was credibly greater than zero [see Supplementary Fig. S2] ), there were no credible differences between group learning rates ( Supplementary Fig. S3 ). A lower cutoff value corresponds to a more blurred stimulus. Points show each group mean, and error bars denote 6SEM between subjects. Solid black lines represent the predictions of the Bayesian multilevel model at the group level, and shaded regions represent 95% credible intervals on these predictions. Faint grey lines connect the mean proportion correct for each subject (data are replotted from Fig.  3 and averaged across block). 
Correlations Between Visual Function Measures
Scatterplots comparing clinical measures of visual function and face identification performance are shown in Figure 6 for the patients with low vision. We estimated the posterior distribution over the correlation coefficients between variables using MCMC as in the main analysis; these are summarized in Table 3 . Because these calculations are based on only 12 data points, we urge caution in drawing strong conclusions from the correlations. To encourage conservative inferences, we place a weakly informative prior distribution over the correlation matrix with greater mass on the unit diagonal. That is, we a priori assign higher probability to correlations around zero (see Supplementary Materials Section 1.2.1) but with high uncertainty.
Using the conservative Spearman rank order q, fixation stability and visual acuity were credibly correlated with face recognition performance (i.e., the credible intervals on these comparisons did not overlap zero). More stable fixation and better acuity were associated with better performance. Credible intervals for all other correlation coefficients overlapped zero. Similar results were found using a bootstrapping FIGURE 6. Scatterplots of face identification performance (proportion correct) in low vision participants as a function of scotoma level, fixation stability within 28, contrast sensitivity, and letter acuity. The LV group is shown as white squares; the LV:F group is shown as grey diamonds. Points show the mean performance for each subject, and error bars denote beta distribution 95% confidence intervals. Similar patterns were found when performance was broken down for each blur level. The posterior mean rank order correlation coefficient is given in each cell, with 95% credible intervals. CS, Pelli-Robson contrast sensitivity; FS, fixation stability (percentage of fixations within 28); PC, proportion correct on the face identification task; TM, proportion of targets missed in perimetry; VA, visual acuity. Correlation coefficients that were credibly different from zero are shown in bold.
approach and traditional calculations of correlation coefficients, except that fixation stability and visual acuity were significantly correlated with each other. We believe that our more conservative approach here is warranted given the small number of data points.
DISCUSSION
Many patients with pathologies affecting the fovea are forced to use nonfoveal retina to accomplish visual tasks. We examined how the extent of central field loss affected face identification. The LV group in our study contained individuals who failed to perceive perimetry targets centered over the anatomical fovea at maximum intensity (i.e., had dense central scotomas), demonstrated poor fixation stability, or presented a combination of these deficits ( Table 2) . This group performed worse in the face identification task compared with the other groups (Figs. 4, 5) . Patients classified into the LV:F group saw at least one of the perimetry targets centered over the anatomical fovea and showed stable fixation. Unlike the LV group, the LV:F group performed similarly to controls, despite having either dense or relative deficits in their central visual field ( Table 2 ). The data also suggest that a patient's letter acuity and fixation stability during perimetry are correlated with difficulties in face recognition. For this task, functional macular retina seems to be the primary determinant of performance among a group of patients with varied degrees of paracentral field loss.
We also examined how stimulus blur affected face identification in these groups. We expected that blur would only affect performance in participants who could resolve high spatial frequencies; thus, visual function would be limited by the lower bound of blur in the stimulus or visual resolution. Face identification performance steadily decreased as blur increased for normally sighted individuals and patients having low vision with (at least partially) functional foveal vision: the slope parameters for these groups were credibly different from zero. Patients with low vision and scotomas that included their fovea (LV group) were relatively unaffected by stimulus blur, performing worse than controls and LV:F subjects at every blur level tested and as early as the first block of trials (Fig. 5) . As expected, the LV group showed poor performance at all levels of blur, whereas the group with intact foveal function (LV:F group) showed a consistent reduction in performance as a function of blur similar to controls. While we did not track the gaze position of our participants during the face recognition task, the result is consistent with LV subjects using peripheral vision to perform the task. The limiting factor on the performance of the LV group is likely to be the poor resolution of nonfoveal vision rather than stimulus blur at the levels we imposed.
To provide an illustration of the level of impairment demonstrated by LV patients in the context of our experiment, we calculate how much the stimulus would need to be blurred for controls to produce the same performance as the LV group with no stimulus blur. For an unblurred stimulus, patients in the LV group have an average performance level of approximately 46% (Fig. 4) . According to the model, the control group would need a blur cutoff of approximately 0.8 cycles per degree to reach a performance of 46% correct on average. A face stimulus filtered with this blur level is shown in Figure 7 . Within the context of stimulus blur, the amount of information that LV patients can extract from a face is clearly limited. Of course, many factors influence performance as stimuli move away from the foveal retina (e.g., reduced contrast sensitivity 9 and crowding 50 ). We do not claim that the reduced performance of the LV group here is caused by intrinsic blur alone, nor does this demonstration mean that stimuli appear blurred to LV patients owing to sharpness overconstancy. 51 We provide this illustration to give the reader some intuition as to the level of impairment shown by these patients compared with normally sighted individuals.
Some patients spontaneously used a preferred retinal locus (PRL) during perimetry. We cannot say whether these patients also used a PRL to perform face recognition because gaze position was not monitored in this task. Because these patients showed no sensitivity in the fovea, they were included in the LV group for analysis. In addition, because faces in the recognition task were viewed binocularly and perimetry was monocular, any conclusions we could draw about the influence of a monocular PRL in our task are limited. This may be improved in future studies by using binocular perimetry (currently in development) (see Timberlake G, et al. IOVS 2013: ARVO E-Abstract 2182).
Visual acuity and fixation stability correlated with face recognition performance. More stable fixation and better letter acuity were associated with higher task performance. Using our Bayesian estimation of correlation coefficients, we also found no credible association between visual acuity and fixation stability. However, a bootstrapping estimation procedure showed this association to be significant. This contrasts with previous studies [52] [53] [54] [55] that reported no association between visual acuity and fixation stability. The difference can be attributed to our intact foveal function group, who showed stable fixation and relatively good acuity, driving up the strength of this association relative to investigations in which patient populations did not include patients with functional foveal vision. Indeed, any study such as ours that includes diverse groups of patients spanning a wide range of acuities and fixation stabilities is likely to find a stronger correlation than a study within a single group of patients. A scatterplot of fixation stability versus visual acuity (see Supplementary Fig. S4 ) shows two clusters, one for each of the patient groups, with little evidence of correlations within each group (however, note that the LV:F group was selected on the basis of steady fixation). Of course, these correlational analyses must all be treated cautiously because of our small patient sample size.
It is possible that fixation stability is a more useful correlate of face recognition performance than acuity. Acuity was more variable than fixation stability in patients with (at least partial) foveal vision (Fig. 6) . Subjects with foveal vision all showed stable fixation (100% within 28); however, their visual acuity ranged from 20/20 to 20/70. Fixation stability is important for FIGURE 7 . Left: An unblurred face from the stimulus set. Right: The same face blurred to the level our model predicts would produce performance in controls equivalent to that of the LV group with no stimulus blur (see Fig. 4 ). The right image gives some intuition as to the level of impairment demonstrated by low vision patients in our task.
visual performance in a range of tasks; for example, unstable fixation is associated with slower reading speeds. 55 Patients with retinitis pigmentosa (in which the macular is spared) and patients with Stargardt dystrophy (in which the macular is diseased) performed equivalently poorly in a famous face recognition task, despite showing markedly different visual acuity. 22 Potentially, fixation stability may be a more useful indicator of face recognition problems than acuity, despite that both are associated with performance in our study.
Recent work 15, [56] [57] [58] suggests that more general eye movement behavior (not just fixation stability) is crucial for visual tasks in patients with visual field loss. For example, patients with AMD with an established PRL show a different fixation pattern than controls when looking at a face; patients placed fewer fixations on the internal features (e.g., eyes) of a target face than controls. 56 Eye movement control training can improve performance on visual tasks such as reading 57 and potentially also improve face perception. However, in many real-world situations, people would have the opportunity to view a face for longer than in our study, so fixation stability may be less important for face perception tasks when faces are presented for extended durations. Conversely, fast face recognition may be required to comprehend television or films, particularly those with multiple and rapid scene cuts.
The main finding of our study is summarized in Figure 4 : the LV group performed worse than the other groups at all blur levels. What does our modeling add to this? First, it allows us to quantify the size of the differences between groups, and the performance changes as a function of blur and block. Second, analyzing the data in a multilevel framework means that our inferences for groups with fewer participants are likely to be more robust because these estimates will be pulled toward the population mean (''shrinkage'') to the extent that the data suggest. Third and most important, estimating the posterior probabilities over the parameter space using Bayesian inference has a number of desirable properties over traditional null hypothesis significance testing (NHST). For the present application, three pertinent advantages of the Bayesian approach over NHST are that inferences over the posterior do not require corrections for making multiple comparisons, inferences do not depend on the experimenters' intentions for stopping data collection, and Bayesian analyses coherently handle unbalanced designs by propagating uncertainty through all levels of the model. Interested readers are referred to other studies 36, 49, [59] [60] [61] [62] [63] [64] [65] and to textbooks 37, 48 for recent introductions to and discussions of this type of inference, which is gaining traction in many scientific fields.
As many in the field of vision rehabilitation have stated (e.g., Trauzettel-Klosinski 66 ), practitioners must understand the impact of each patient's vision loss on various visual functions to offer appropriate vision rehabilitation. Our patient sample included patients with very different pathologies and visual function (Table 1) . While a variety of pathologies impair face recognition (see Dulin et al. 22 ), our results suggest that the key determinant of face recognition performance was whether the fovea was preserved or impaired. Patients in the LV:F group recognized as many faces as controls, despite significant field loss. While our experiment measured face recognition performance in an objective paradigm with high sensitivity (10-alternative forced-choice task), the strength of the conclusions we can draw is limited by our small sample of patients. An independent replication of our result in a larger sample of patients would strengthen the conclusion of this study that patients with preserved foveal vision (but with other visual deficits) can recognize faces to the same extent as someone with healthy vision.
CONCLUSIONS
We examined the effects of image blur on face identification in patients with low vision. Patients with at least partially preserved foveal vision and stable fixation performed similarly to normally sighted control observers, and face identification steadily decreased as stimulus blur increased. Patients with no foveal vision and unstable, eccentric fixation were severely impaired in the task at all levels of image blur. The results suggest that face recognition performance is limited by the highest spatial frequencies that are available to the observer, and this may be predicted by visual acuity and fixation stability as assessed in the clinic.
